Although bacteria are ubiquitous in the near-surface atmosphere and they can have important effects on human health, airborne bacteria have received relatively little attention and their spatial dynamics remain poorly understood. Owing to differences in meteorological conditions and the potential sources of airborne bacteria, we would expect the atmosphere over different land-use types to harbor distinct bacterial communities. To test this hypothesis, we sampled the near-surface atmosphere above three distinct land-use types (agricultural fields, suburban areas and forests) across northern Colorado, USA, sampling five sites per land-use type. Microbial abundances were stable across land-use types, with B10 5 -10 6 bacterial cells per m 3 of air, but the concentrations of biological ice nuclei, determined using a droplet freezing assay, were on average two and eight times higher in samples from agricultural areas than in the other two land-use types. Likewise, the composition of the airborne bacterial communities, assessed via bar-coded pyrosequencing, was significantly related to land-use type and these differences were likely driven by shifts in the sources of bacteria to the atmosphere across the land-uses, not local meteorological conditions. A metaanalysis of previously published data shows that atmospheric bacterial communities differ from those in potential source environments (leaf surfaces and soils), and we demonstrate that we may be able to use this information to determine the relative inputs of bacteria from these source environments to the atmosphere. This work furthers our understanding of bacterial diversity in the atmosphere, the terrestrial controls on this diversity and potential approaches for source tracking of airborne bacteria.
Introduction
Studies of aerosols in the near-surface atmosphere typically focus on non-biological particles despite increasing recognition that biological particles may represent a significant portion of the particulates suspended in the atmosphere (Jaenicke, 2005) . Of those studies examining biological aerosols, most have focused on the quantification and identification of fungal spores, pollens and dust mite allergens (Beggs and Kerr, 2000) . Although there is a history of research examining bacterial distributions in the near-surface atmosphere (Lighthart and Shaffer, 1995a, b; Lighthart, 1997; Tong and Lighthart, 1998) , the majority of this work has largely been restricted to surveys of culturable bacteria (those bacteria which can readily be grown and isolated under laboratory conditions). As most bacteria cannot be readily cultured (Pace, 1997) , the vast majority of airborne bacteria have effectively been excluded from these culture-based studies (Amato et al., 2005) and comprehensive surveys of airborne bacterial diversity are uncommon.
Our limited understanding of bacterial diversity in the atmosphere represents a critical knowledge gap in atmospheric research given that bacteria are ubiquitous in the atmosphere with concentrations ranging between 10 4 and 10 8 cells per m 3 of air (Lange et al., 1997; Bauer et al., 2003; Fabian et al., 2005; Albrecht et al., 2007; Bowers et al., 2009 ).
These airborne bacteria may have important impacts on human health, serving directly as human pathogens or triggering allergic reactions (Schwartz et al., 1995; Hussman, 1996) . In addition, bacterial pathogens of agricultural crops and livestock can be transported through the atmosphere (Romantschuk and Bamford, 1986; Gonzalez et al., 2000) . More generally, owing to their small size and relatively high concentrations, airborne bacteria are likely to represent a significant portion of the PM2.5 aerosol fraction (those aerosols less than 2.5 mm in diameter), an aerosol fraction that is commonly the focus of air quality monitoring and remediation efforts (Boreson et al., 2004; Menetrez et al., 2007) . Although it is often assumed that airborne bacteria are merely passive inhabitants of the atmosphere, there is increasing evidence that bacteria have the potential to alter atmospheric processes by serving as ice nucleating particles in the atmosphere (Constantinidou et al., 1990; Mohler et al., 2007 Mohler et al., , 2008 .
Culture-independent molecular methods, such as rRNA gene sequencing and/or hybridization (that is, PhyloChip), are becoming the method of choice for describing the total diversity and composition of microbial communities in environmental samples. Such methods have been used to survey bacterial diversity in the atmosphere (Tong and Lighthart, 2000; Radosevich et al., 2002; Wilson et al., 2002; Angenent et al., 2005; Maron et al., 2005; Brodie et al., 2007; Despres et al., 2007a, b; Fierer et al., 2008a, b; Bowers et al., 2009) . However, there are still critical gaps in our understanding of airborne bacterial communities, including our limited understanding of the spatial variation in airborne bacterial community structure and the factors driving this variation. In particular, we know very little about the potential sources of atmospheric bacteria and how changes in land-use or land cover may influence the diversity and composition of airborne bacterial communities.
There are likely two main terrestrial sources of bacteria to the near-surface atmosphere: leaf surfaces and soil (dust) (Lindemann and Upper, 1985; Lighthart and Shaffer, 1994; Lighthart and Shaffer, 1995a, b; Lighthart, 1997) . However, the relative importance of these primary sources is not known, nor do we know the extent to which airborne bacterial communities overlap with those bacterial communities found in these source environments. It has previously been suggested that airborne bacterial communities are similar to those in soil (Brodie et al., 2007) , but it is not clear whether this finding applies to other near-surface atmospheric environments. We might expect land-use type to have a significant influence on the structure of airborne bacterial communities (Despres et al., 2007a, b) due to shifts in the relative importance of these habitats as sources of bacteria to the atmosphere, or due to the specific nature of the communities found on leaves and soil. For example, because different plant types harbor distinct bacterial communities on their leaf surfaces, (Redford et al., 2010) we would expect the types of bacteria transported from leaf surfaces to the atmosphere to depend on local vegetation characteristics. Likewise, land-use type may have indirect effects on airborne bacterial community composition due to shifts in meteorological conditions, as previous work has demonstrated that the abundance and composition of airborne bacteria can be affected by local changes in near-surface atmospheric conditions (Jones and Harrison, 2004) .
In this study, we describe airborne bacterial diversity in the near-surface atmosphere of the Colorado Front Range and determine the effects of local weather and land-use type on the abundance, composition and ice nucleating potential of these airborne bacterial communities. We hypothesized that the atmosphere harbors unique bacterial communities compared with those found in possible source environments (that is, soil and leaf surfaces), and that land-use type would influence bacterial community structure owing to changes in the types and relative contributions of these bacterial source environments. To test these hypotheses, we analyzed airborne bacterial communities collected from multiple locations within each of the three dominant land-use types in the Colorado Front Range using a bar-coded pyrosequencing approach described previously (Hamady et al., 2008; Lauber et al., 2009; Fierer et al., 2010) . We then directly compared the composition of these airborne bacterial communities with those found in other previously collected outdoor air samples and to the potential source environments of soil and leaf surfaces.
Materials and methods

Bioaerosol collection
Aerosol samples were collected from three dominant land-use types in the Colorado Front Range: agricultural fields, suburban areas and forests. Samples were collected from five separate locations per land-use type distributed across the northern half of the Colorado Front Range (Figure 1 ) for a total of 15 samples. The agricultural sites were located in areas dominated by croplands, and the sampling sites were located immediately adjacent to either corn (Zea mays) or barley (Hordeum vulgare) fields. The suburban sites varied with respect to the extent of urbanization: sites were located in each of five different population centers from the Denver suburbs north to Fort Collins. The forest sites were in Subalpine fir (Abies lasiocarpa), Engelmann spruce (Picea engelmannii) and Lodgepole pine (Pinus contorta) forests. Table 1 contains details on the sampling locations, sampling times and meteorological conditions at the time of sampling. Air sampling was conducted over a 2-week period during the summer of 2009. We typically sampled one site per day from each of the three different land-use types and rotated the order of collection between land-use types to minimize the effect of time of day on our estimates of bacterial abundance and community composition (Table 1) . Air samples were collected at 2.5 m above ground level using vacuum filtration onto 0.22 mm cellulose nitrate filters (Fisher Scientific, Pittsburgh, PA, USA) at a flow rate of B30 l min À1 per filter for 1.5 h. The sampling height was consistent across all samples even though the canopy height was different for each of the three land-use types. For those sampling sites with significant canopy heights (all forest sites and some suburban sites), the sampling equipment was still set up at the 2.5 m height, but in a central location that would not be touched if all trees, buildings or other standing objects were to fall in the direction of the sampling equipment. The sample filters used in this study were each individually wrapped and contained within a pre-sterilized filter cup. The entire filter cup containing the 0.22 mm filter was used as the sampling device and transported in whole (filter cup with filter inside and sealed in parafilm) back to the lab. This apparatus is simple, but owing to the limited handling of the filter itself, this particular setup drastically reduces any possible contamination during the handling and transport processes. The total volume of air that passed through each filter during each sampling period ranged from 0.8 to 1.1 m 3 of air. Triplicate filters were collected for each sample, and one filter of each triplicate set was used for each of the following assays: total bacterial abundance measurements via epifluorescence microscopy, ice nucleation assays and DNA extraction with the subsequent bacterial community analyses. Blank filters were analyzed alongside sample filters to test for Effects of land-use on bacteria in the atmosphere RM Bowers et al contamination and, following extraction and amplification, blank filters were consistently found to be free of bacterial contaminants. All filter samples were stored on dry ice during transport from the field to the lab, followed by storage at À20 1C until the various analyses were performed. Meteorological data (see Table 1 ) were collected during the sampling periods using a portable Vantage Pro 2 Weather Station (Davis Instruments, Hayward, CA, USA).
Total bacterial abundance measurements and ice nucleation assays Aerosol particles were shaken free from the filters in a small petri dish in 8 ml of high performance liquid chromatography-grade water for 2 h at room temperature. Filters were routinely examined under a microscope after this shaking process to assure that most visible particles were removed from the filter. The bacterial cells were stained with 4 0 -6 0 -diamidino-2-phenylindole, a DNA binding dye and counted at Â 1000 magnification using a protocol described previously (Bowers et al., 2009) . To the best of our abilities, we counted 4 0 -6 0 -diamidino-2-phenylindole stained particles between 0.5 and 10 mm in diameter, which is a rough estimate of the size range for bacterial cells in the environment. Given that there are likely to be bacterial cells that fall outside this size range, as well as small fungal cells that fall within this range, we fully acknowledge that our bacterial abundance measurements are only an approximation of the true abundance levels in the near-surface atmosphere. All filter samples contained at least 20 cells per field at Â1000 magnification in the stock wash solution and at least 30 fields per sample were counted. If there were more than 100 cells per field, the appropriate dilutions were made. Bacterial abundances are reported as the number of cells per m 3 of air, taking into account the dilution and the volume of air that passed through each filter. For ice nucleation assays, particles were removed from the filters using the same protocol described above, except that the filters were shaken at 4 1C instead of room temperature to minimize warming, which may alter the ice nucleating capabilities of bacterial cells (Nemecek-Marshall et al., 1993) . Drop-freeze assays were performed using a protocol described previously (Bowers et al., 2009) , which was modified from a protocol described in Vali (1971) . All sample drops freezing above À10 1C were recorded as containing hightemperature ice nuclei and were used to calculate the abundance of ice nuclei in each air sample. Throughout this manuscript we use the term hightemperature ice nuclei instead of biological ice nuclei, as we could not be absolutely certain that a particle initiating an ice nucleation event was biological. However, Christner et al. (2008) did demonstrate that the majority of high-temperature ice nuclei (those particles which nucleate ice above À10 1C) in snow samples were of biological origin.
Likewise, previous work has demonstrated that few, if any, abiotic particles can nucleate ice at temperatures as high as those at which specific bacterial species can nucleate ice (Maki et al., 1974; Vali et al., 1976; Mohler et al., 2007) . The relative concentration of high-temperature ice nuclei in each sample was calculated using the cumulative nucleus concentration calculation described in Vali (1971) .
DNA extraction and PCR amplification
Bacterial DNA was extracted directly from the filters using the PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA). Individual filters were cut and loaded into the bead tube of the DNA extraction kit and heated to 65 1C for 10 min followed by 2 min of vortexing. The remaining steps of the DNA extraction were carried out according to the manufacturer's instructions. Bacterial community composition was determined using a recently developed bar-coded pyrosequencing procedure, which facilitates multiplexed sequencing of partial 16S rRNA genes. The protocol used in this study is identical to that described previously (Bowers et al., 2009; Fierer et al., 2008a,b) , including both the PCR conditions and primer sequences. Negative controls (both no template and template from unused filters) were included in all steps of the process, from DNA extraction to PCR amplification, in order to check for contamination. PCR amplicons from each sample were pooled at approximately equal amounts into a single tube for pyrosequencing at the University of South Carolina Environmental Genomics Core Facility on a 454 Life Sciences Genome Sequence FLX (Roche, Branford, CT, USA) machine. With this protocol, we obtained sequence read lengths that averaged 260 bp in length. Previous work has shown that reads of this length over the V2 region of the 16S rRNA gene region provide sufficient information for accurate phylogenetic clustering of bacterial communities (Liu et al., 2008) and accurate taxonomy assignment (to at least the family level of taxonomic resolution (Liu et al., 2008) .
Sequence analysis
Sequences were analyzed and processed using the recently developed QIIME package (Caporaso et al., 2010b) . Briefly, the QIIME pipeline takes all sequences from a single pyrosequencing run and assigns sample IDs using a mapping file and the barcode assigned to each sample. Sequences were removed from the analysis if they were o200 bp in length, had a quality score of o25, contained ambiguous characters, an uncorrectable barcode, or did not contain the primer sequence. The remaining sequences were clustered into phylotypes using CD-HIT (Li et al., 2001 (Li et al., , 2002 Li and Godzik, 2006) with a minimum coverage of 99% and a minimum identity of 97%. A representative sequence was chosen for each phylotype by selecting the longest sequence that had the highest number of hits to other sequences of that particular phylotype. Representative sequences were aligned using PyNAST (Caporaso et al., 2010a) et al., 2006) . Taxonomy assignments were made using the ribosomal database project classifier (Wang et al., 2007) . A phylogenetic tree containing the aligned sequences was then produced using FastTree (Price et al., 2009) . To determine the phylogenetic similarity between sample types, the weighted UniFrac metric was used (Lozupone et al., 2007) . UniFrac distances are based on the fraction of branch length shared between two communities within a phylogenetic tree made from the 16S rRNA gene sequences of all bacterial communities being compared. The UniFrac algorithm provides an estimate of the overall phylogenetic similarity between each pair of communities and therefore, avoids some of the pitfalls associated with taxonbased community analyses (Lozupone et al., 2007) .
We compared the airborne communities found in the Colorado Front Range samples (across land-use types) with a previously-described dataset of airborne bacterial communities, which was composed of samples collected at a high-elevation research site, Storm Peak laboratory (3220 m) located in northern Colorado (Bowers et al., 2009) to determine whether these sample sets share similar bacterial taxa. We also conducted a metaanalysis combining the 16S rRNA gene sequence datasets of the Front Range and high-elevation (Storm Peak laboratory) air samples to two separate datasets representing a diversity of soil types across North and South America (N ¼ 88) and to leaf-surface samples consisting of more than 60 unique tree species (N ¼ 112) (Redford et al., 2010) in order to directly compare the air communities with those communities found in potential source environments. For this analysis, QIIME was used in a manner similar to that described above with the following modifications. As different fragments of the 16S rRNA gene were sequenced in different studies, the sequences could not be clustered directly, so instead of using CD-HIT for phylotype assignment, sequences were assigned to phylotypes using BLAST against the Greengenes database (DeSantis et al., 2006) to identify their closest matching sequences. This BLAST-based sequence assignment is identical to the method described in Hamady et al. . Briefly, this method uses the Greengenes coreset (DeSantis et al., 2006) , which was formatted into a BLAST database using formatdb, and subsequently used for BLAST searches of all air sequences, soil and leaf-surface sequences from the studies mentioned above using megablast. The resulting hit tables were parsed to make sample mapping files, wherein each hit was mapped to its closest hit in the formatted Greengenes database. Query sequences that had no hit below an e-value threshold of 1e-10 were excluded from the analyses (20 203 of 307 341 or 6% of total sequences were removed). The remaining sequences were clustered into phylotypes using a minimum coverage of 99% and a minimum identity of 97%. Owing to unequal sampling efforts (differing number of sequences per sample) the dataset was rarefied to 500 sequences per sample to remove sample heterogeneity. Alpha diversity was assessed by examining rarefaction curves. A tree containing the same set of sequences from the Greengenes core set, available on the Fast UniFrac website (http://128.138.212.43/fastunifrac/ tutorial.psp#sample_download) was used to assess the phylogenetic relationships between air, soil and leaf-surface datasets.
Statistical analyses
The variation in total microbial abundance and ice nuclei concentrations across the three land-use types were assessed using an ANOVA, followed by post-hoc tests using a Bonferroni adjusted P-value for each pair-wise comparison. Relationships between microbial community similarity (determined using UniFrac), bacterial abundance, ice nuclei concentrations and meteorological parameters were investigated using Mantel tests as implemented in the PRIMER V6 software package (Clarke and Warwick, 2001 ). We also used this software package to conduct permutational MANOVA tests to determine whether any categories of samples harbored significantly distinct bacterial communities. To create the heatmap displayed in Figure 5 , the heatmap function in R (V2.11.0) was used on the relative abundance values of the most dominant bacterial phyla and subphyla across the grouped environment types: air, soil and leaf surface. Replicate sample types (air from each of the three land-use types, air from Storm Peak laboratory, leaf-surface samples from Gymnosperms and Angiosperms, and soils binned by pH), were clustered using hierarchical agglomerative clustering generating Euclidean distances between sample types to construct the dendrogram. The SIMPER (similarity percentage) function in PRIMER V6 was used to identify bacterial taxa indicative and unique to the soil and leaf-surface environments, with the relative abundances of these 'indicator taxa' subsequently used to determine the relative contribution of each source environment to the bacterial communities in the air samples. Briefly, SIMPER determines the contribution of each taxonomic category to the average Bray-Curtis dissimilarity between pairs of grouped samples (for example, the different environment types).
Results
Meteorological conditions
Atmospheric conditions during the 2-week sampling period were typical of summer-time Effects of land-use on bacteria in the atmosphere RM Bowers et al conditions across the Colorado Front Range (Table 1) . Meteorological conditions were quite variable across the 15 sampling periods and there was more variability in meteorological conditions between the five sampling events within a given land-use type than between different land-use types. With the exception of barometric pressure (which we would expect to be lower at the higher-elevation forest sites), none of the measured meteorological variables (see Table 1 ) were significantly different between the land-use types (ANOVA, overall Pb0.05, F51.5).
Concentrations of bacteria and high-temperature ice nuclei
Mean bacterial abundances ranged from 1.0 Â 10 5 to 2.6 Â 10 6 cells per m 3 air across the agricultural, suburban and forest locations (Figure 2 ). Total bacterial abundances were relatively stable with no significant differences between land-use types (ANOVA, overall P ¼ 0.94, F ¼ 0.07). Similarly, there were no statistically significant relationships between bacterial abundances and any of the measured meteorological variables listed in Table 1 (ro0.3 and P40.05 in all cases).
The concentrations of high-temperature ice nuclei were considerably more variable than the total bacterial abundances and were significantly different between the three land-use types (P ¼ 0.05, F ¼ 3.64) (Figure 2) . The agricultural land-use type had the highest abundance of high-temperature ice nuclei, with an average of 36 nuclei per m 3 air. The suburban and forested land-use types had far fewer high-temperature ice nuclei with 18 and 4.5 ice nuclei per m 3 air, respectively (Figure 2 ). This shift in ice nuclei abundances across land-use types did not correlate to any of the measured meteorological variables (ro0.3, P40.05 in all cases), suggesting that land-use, not the prevailing meteorological conditions at the time of sampling, had the strongest influence on near-surface concentrations of hightemperature ice nuclei.
Composition of airborne bacterial communities across land-use types A total of 10,997 partial 16S rRNA gene sequences were generated from the 15 aerosol samples for an average of 730 sequences per sample (range of 540-930 sequences per sample). From the 10 997 sequences, 671 unique phylotypes were identified (with a phylotype defined as those sequences sharing X97% identity). To compare diversity levels between samples and control for differences in sequencing depth between samples, we conducted rarefaction analyses with 500 randomly selected sequences per sample. At this depth of coverage, we identified an average of 93 phylotypes per sample (range 63-152) and found no effect of land-use type (ANOVA, P ¼ 0.27, F ¼ 1.67) on phylotype richness (Supplementary Figure S1A) , or on the overall phylogenetic structure (Supplementary Figure S1B) across the collected air samples. Actual richness was not estimated as rarefaction analysis revealed that observed richness continually increased as more sequences were included. The airborne bacterial communities were all dominated by sequences assigned to the Proteobacteria, Actinobacteria and Firmicutes phyla. Within the Proteobacteria, the betaproteobacterial subphylum was most abundant, with this subphylum being almost entirely composed of representatives from the Burkholderiales family of bacteria (92% of the betaproteobacterial sequences).
The shifts in bacterial community composition observed across land-use types are evident if we examine the relative abundances of specific bacterial taxa (Figure 3 ). For example, the Actinobacteria Effects of land-use on bacteria in the atmosphere RM Bowers et al were in greatest abundance from the agricultural and suburban locations (averaging 21 and 24%, respectively) than in the forest samples (12%). The relative abundance of Bacteroidetes was higher in the air from the suburban land-use (11.4%) than in the agricultural and forest land-use types (6 and 3% respectively). Likewise, forest air had the highest number of Rhizobiales sequences (12%), and the suburban land-use had the fewest Rhizobiales sequences (6%). None of the measured meteorological characteristics (singly or in combination) were significantly related to the observed shifts in bacterial community composition, with pair-wise distances between communities calculated using the UniFrac algorithm (ro0.3, P40.05 in all cases). Instead, land-use type was significantly related to bacterial community structure (Figure 4a) as confirmed by the permutational MANOVA analyses (Main Effect, P ¼ 0.001,). Using a Bonferroni corrected P-value of 0.02 to determine significance (a ¼ 0.05/3 pair-wise comparisons), each pair of land-use types harbored significantly distinct airborne bacterial communities (Po0.02). This effect of land-use type on the overall structure of bacterial communities is evident in Figure 4a , wherein, the samples from the different land-use types separate with minimal overlap across the first principal coordinate axis.
Comparing airborne bacterial communities with those in potential source environments The bacterial communities characterized in the land-use samples described above were significantly different from those airborne bacterial communities collected at Storm Peak laboratory (using identical sampling and analytical procedures) in winter-like conditions during the early spring of 2008 (Bowers et al., 2009) (Figure 4b , Po0.001). The main taxa driving these differences were the Actinobacteria (20% in land-use air samples and 3% of the Storm Peak laboratory samples) and Firmicutes (17% in land-use air samples and 1.5% of the Storm Peak laboratory samples) and the Pseudomonadales family (1.7% across land-use air samples and 26% of the Storm Peak laboratory air samples). The majority of the pseudomonads in the Storm Peak laboratory samples were related to cold-adapted bacteria such as the Psychrobacter genus and these same cold-adapted organisms were entirely absent from the land-use samples collected in the summer.
If we compare all of the airborne bacterial communities (both those described in this study and those from the Storm Peak laboratory study (Bowers et al., 2009 ) with those communities found in potential source environments, we find that the air communities are relatively similar to one another and quite distinct from those bacterial communities found on leaves and in soil (Figure 4c ). The observed phylotype richness and phylogenetic diversity was far lower in the air samples and leaf-surface samples compared with the soil samples, as evidenced by the corresponding rarefaction curves (Supplementary Figures S1A and B) . The specific taxa driving the differences in community composition from the three environments (air, leaves and soil) are shown in Figure 5 . Although each of these three environments harbor significantly distinct bacterial communities (permutational MANOVA Po0.001), the hierarchical clustering at the top of Figure 5 implies that the leaf-surface is more similar to the air samples than the air samples are to the soil samples, a pattern likely driven by the very low abundance of Acidobacteria in air and on leaves compared with the high relative abundance of Acidobacteria in most soil environments . Also of note is the high relative abundance of Gammaproteobacteria sequences on the leaf surfaces and in the air samples from both the forest land-use type and from the Storm Peak laboratory samples ( Figure 5) .
We compared the relative abundances of those taxa indicative of either the soil or leaf-surface environments across the 15 collected aerosol samples in order to estimate the relative contribution of these source environments with the bacteria found in the air samples collected from across the land-use types. The bacterial taxa identified as being indicative of the soil or leaf-surface environments and their relative abundances in the land-use air samples (forest, agricultural and suburban) are shown in Figure 6 , and the same indicator taxa from the leaf and soil environments are shown as the inset graph in Figure 6 . The airborne communities from the forest sites had the highest relative abundance of taxa indicative of soil whereas those airborne communities collected from the suburban land-use type had the highest relative abundance of taxa indicative of leaf-surface bacteria.
Discussion
The concentrations of bacteria in the collected samples were relatively constant and did not change in a predictable manner with changes in meteorological conditions or land-use type. However, the concentrations measured in this study are similar to the ranges reported from other near-surface air samples wherein, similar culture-independent methods were employed (Matthias-Maser and Jaenicke, 2000; Fabian et al., 2005; Bowers et al., 2009) . One might expect there to be differences in airborne bacterial concentrations across diverse land-use types as some studies have shown very high bacterial concentrations in and around Figure 5 Heatmap displaying the relative abundances across a wide range of air, leaf-surface and soil samples. Soil samples were binned into six different pH categories. Leaf-surface samples were split into gymnosperms and angiosperms and air samples are represented by the Storm Peak laboratory samples collected at the Storm Peak research facility (3200 m above sea level), and the air samples of the three dominant land-use types of the Colorado Front Range: forest, agricultural and suburban sample types. These three ecosystem level groups: air, leaf-surface and soils are designated as blue, green and brown on the color bar, respectively. Environments are clustered based on the percent relative abundance of the nine phylum to subphylum level classifications shown as rows in this figure. Each row was scaled so that the mean of each taxonomic group across sample types was calculated and colored by corresponding z-score of each cell. The heatmap was made with R version 2.11.0 using the heatmap function. Figure 6 Percent relative abundance of airborne bacterial taxa across the three land-use types that were designated as indicator taxa from soil and leaf-surface environments. Inset. The indicator taxa derived from soil and leaf-surface environments and their percent relative abundances.
Effects of land-use on bacteria in the atmosphere RM Bowers et al agricultural areas (Albrecht et al., 2007; Lange et al., 1997) . However, these studies were conducted near likely point sources, such as a compost facility (Albrecht et al., 2007) and a pig farm (Lange et al., 1997) , whereas our goal was to estimate the ambient bacterial abundances from sites that were not necessarily adjacent to biological point sources.
We also hypothesized that changing meteorological conditions would lead to predictable shifts in microbial abundances (Jones and Harrison, 2004) ; however, we observed no significant relationships between meteorological variables and bacterial abundances. Supporting our observations, Matthias-Maser et al. (Matthias-Maser and Jaenicke, 2000) demonstrated that only larger bioparticles (that is, fungal spores, pollen and plant debris) exhibit significant shifts in abundance with changes in atmospheric conditions and that concentrations of smaller particles (that is, bacteria. 2 mm4r4 0.2 mm) exhibit minimal variation. Although we might observe more variability in bacterial abundances, if sampling over a longer time period, our results suggest that there is minimal short-term variability in bacterial concentrations in the nearsurface atmosphere related to differences in meteorological conditions or land-use characteristics. In contrast to the near-constant concentrations of total bacterial cells, land-use type did have a significant effect on the total number of hightemperature ice nuclei (those nuclei which freeze4À10 1C). The concentration of ice nuclei in the agricultural air samples was, on average, two and eight times higher than in the air samples collected from the suburban and forest land-use types, respectively (Figure 2 ). Based on previous work (Christner et al., 2008) , we tentatively assume that the majority of these high temperature ice nuclei represent intact microbial cells. If this is true, it is interesting to note that the majority of known ice nucleating bacterial species have been isolated from annual plant species, including many of our most common agricultural crop species (Lindow et al., 1978; O'Brien and Lindow, 1988) . Furthermore, Lindow et al. (1978) demonstrated that coniferous tree species possess relatively few ice nuclei active bacteria. This difference in plant-associated ice nucleating bacteria may explain why our forested sites (dominated by conifers) had lower concentrations of ice nuclei than the other two land-use types.
The airborne bacterial communities sampled from the Colorado Front Range are qualitatively similar to those identified from other surface-level air surveys Bowers et al., 2009; Despres et al., 2007a, b; Fierer et al., 2008a, b) , as much of the bacterial community was dominated by Actinobacteria, Firmicutes, Betaproteobacteria and Gammaproteobacteria. We also note the overall similarity between the bacterial communities in the air samples collected from the Colorado Front Range with those collected from a high elevation site during early spring when the surrounding land-surface was largely snow covered (Figure 4b ). The airborne communities are not identical, but they do share similar dominant taxa and the air communities are far more similar to one another than they are to bacterial communities of the other terrestrial habitats (and possible source environments) (Figure 4c) .
The air bacterial communities surveyed in this study were not panmictic as the atmosphere over the different land-use types harbored bacterial communities that were significantly different from one another (Figure 4a ). This subtle, yet significant, effect of land-use type on the airborne bacterial community composition suggests that local terrestrial environments are a likely source for at least a portion of the near-surface atmospheric community. However, the similarity between the spatially and seasonally separated air samples used in this interhabitat analysis (land-use samples and highelevation samples) also indicates that a fraction of the airborne community may be ubiquitously distributed throughout the near-surface atmosphere (Figure 4c) .
Using indicator taxa analysis, we identified taxa largely responsible for the separation of the soil and leaf-surface communities (Figure 4c and Figure 6 , inset), and then used these indicator taxa to determine the relative importance of these potential environments as sources of bacteria to the atmosphere across the three Colorado Front Range landuse types. Of the indicator taxa representing either soil or leaf-surface environments (Figure 6, inset) , the Rhizobiales soil indicator and Sphingobacteria leaf-surface indicator were the two most prevalent bacterial groups found in the air samples across land-use types (Figure 6 ). Forest and agricultural sites had more of a soil signature, whereas the suburban sites were slightly more enriched with taxa indicative of the leaf-surface habitat (Figure 6 ). The high soil influence and relatively low leafsurface influence on the airborne forest communities were a somewhat surprising outcome. However, this pattern may be a result of the relatively low leaf biomass (and leaf-associated microbial biomass) in these forests, and/or a result of sampling below the forest canopy. However, regardless of location, the overall structure of the communities found in air are distinct from those found in soil or on leaves (as evidenced from Figure 4c ) and this is likely the result of air communities being a mixture of bacteria from soils and leaves and/or certain taxa from these source environments not being able to survive or remain intact in the atmosphere. Additional research will be needed to determine the generality and accuracy of this approach as we have no way to independently confirm these findings. Future work will need to integrate molecular surveys of airborne communities with atmospheric chemical transport models across more extensive sample sets in order to more confidently determine bacterial sources and map their atmospheric trajectories over extended time periods. However, just as we can use bacterial taxa indicative of animal feces to track fecal contamination of bodies of water (Brownell et al., 2007; Abdelzaher et al., 2010; Wery et al., 2010) or use bacterial communities on the hands of different individuals to identify touched objects , we may be able to use bacterial taxa indicative of possible source environments to identify and compare inputs of bacteria with the atmosphere.
Conclusion
The bacterial communities of the near-surface atmosphere across the Colorado Front Range differed across the three distinct land-use types. These differences could not be predicted from the prevailing meteorological conditions, suggesting that the characteristics of the local terrestrial surfaces (for example, vegetation cover, land management and amount of bare soil) have a greater influence on airborne community composition than local atmospheric conditions. These patterns were further investigated using a bacterial 'source tracking' analysis, to identify possible differences in the relative importance of soils and leaf surfaces as sources of atmospheric bacteria. Although the atmosphere is a unique microbial habitat that harbors bacterial communities that are fundamentally distinct from those found in soil and on leaf surfaces, we demonstrate that the differences in airborne bacterial communities above the different land-use types were likely owing, in part, to differences in the relative contributions of bacteria from specific source habitats.
